Abstract--Wyoming montmorillonite, <2-/xm particle size, saturated with Na, K, Mg, Ca, and Ba ions, was reacted with uranyl nitrate solutions in the concentration range 1-300 ppm uranium. With constant amounts of clay and solution volume, the adsorption isotherms of uranyl ions on the clay followed Langmuir-type curves with increasing concentration of uranium. The maximum adsorption derived from linear Langmuir plots corresponds to the exchange capacity of the clay. Experiments with solutions of constant volume and constant ionicity, but with variable proportions of uranyl and other cations, showed that uranyl ions were strongly preferred by the clay to Na + and K +, but less strongly than Mg 2+, Ca 2+, and Ba 2+.
INTRODUCTION
Much attention has been given to the adsorption of uranium by shales, clays, peat, soil, and coaly materials, particularly by the organic components in these materials, but relatively little attention has been given to adsorption by specific clay minerals. The present study is concerned with the adsorption of uranium by montmorillonites under various conditions. Goldsztaub and Wey (1955) and Nuss and Wey (1956) examined the adsorption of uranyl ions from nitrate and acetate solutions in the pH range 2.25-4.4 by H-and Na-montmorillonite and by H-kaolinite. Adsorptions were obtained in the range 70-82 meq of UO22 § ions per 100 g montmorillonite, i.e., values approaching the exchange capacity of the clay. Davey and Scott (1956) using Na-montmorillonite found only 33 meq (UO2)/100 g clay adsorbed from nitrate solutions and still less, 7 meq/100 g clay, from sulfate solutions under the conditions of their experiments. A few studies mention uranium adsorption by clays in a more general sense, e.g., Ukai and Yokoi (1961) , Spears (1964) , Gavshin et al. (1973) .
Much of the interest in studying uranium adsorption by clays concerns reactions at low concentrations of uranium because, under these conditions, the results will be relevant to reactions under natural conditions. The present studies were therefore oriented largely towards solutions in the concentration range 1-300 ppm uranium. These solutions are dilute compared with those commonly used in cation-exchange reactions, but are strong compared with most natural waters containing uranium. Nevertheless the results should be applicable to many natural conditions. Secondly, the progressive accumulation of uranyl ions in montmorillonite by repeated treatments with 'dilute' solutions was examined. These experiments in some respects approach more closely natural conditions where there is a continued percolation of dilute solutions. Finally, stronger uranyl solutions were used to prepare fully saturated uranyl montmorillonite, and chemical and X-ray powder diffraction (XRD) data were obtained for these materials.
EXPERIMENTAL

Materials
A Wyoming montmorillonite supplied by the American Colloid Company, Skokie, Illinois, under the trade name "Volclay" was used. This material, mainly a Namontmorillonite, was treated with 1 N NaC1 solution. After repeated washing by centrifugation and deionized water and finally by dialysis at about 50~ a <2-/xm fraction was separated. XRD tests showed that quartz and other mineral impurities were absent within the Copyright O 1981, The Clay Minerals Societylimits of detection. K-, Mg-, Ca-, and Ba-montmorillonite were prepared similarly. All samples were washed until C1 ion free (AgNO3 test). Materials were dried in air at about 40-50~ and stored in stoppered tubes.
Uranyl montmorillonites were prepared using mainly 0.05 M uranyl nitrate or uranyl acetate solution, and several saturations. Since the pH of the nitrate solution was near 2.0, a preparation also was made with a solution titrated to pH -~ 4 with NaOH. Other preparations were made using dilute acetate solutions with pH values in the range 4.0-4.5.
Ion-exchange experiments
Variously defined systems were studied using known amounts of clay with known concentrations and volumes of uranyl solutions. Systems with fixed volumes and variable uranyl concentrations, and systems with variable volumes and fixed amounts of uranium were studied. Details are given below in conjunction with the results obtained. All experiments were made at room temperature, near 25~ without precise temperature control. Clays in solutions were kept in motion by endover-end rotation of the tubes for periods of five days.
Analytical procedures
Uranium adsorption was determined by measuring the depletion of uranium ions in solution with a JarrellAsh fluorimeter (model JA-2600) and the procedure of Smith and Lynch (1969) . In brief, l-ml aliquots of solutions with concentrations adjusted to <50 ppm uranium were evaporated in flat platinum dishes, about 2.5 cm in diameter. Three grams of a carbonate-fluoride flux (Na~CO 3 45%, K2CO3 45%, NaF 10%), thoroughly mixed in a bail mill, was added to each sample and fused in a muffle furnace at 650~ for 10 rain. Usually twelve samples were prepared at the same time with three standard samples included with nine to be analyzed. After fusion, samples were cooled in a desiccator and the fluorescence was determined. When samples contained other divalent ions which might interfere with the uranium determination, the so-called "spike method" (a method of known additions) was used. The ultimate standard was the assumed composition of analytical grade uranyl nitrate, UO2(NO3)2"6H20; the uranium content was checked to better than 1% by heating a sample at 850~ and weighing the resulting U308.
Other cations in solution displaced from clays were measured by atomic absorption spectrometry (PerkinElmer 403 instrument) except Ba, which was determined by plasma emission analysis (SMI plasma emission spectrometer), pH values were obtained with a Beckman Expandomatic pH meter. Total analyses of uranyi-exchanged montmoriilonites were based on the lithium borate fusion technique of Medlin et al. (1969) . XRD analysis was made with a Philips diffractometer using filtered CuKa radiation, a recording rate of 1~ min and a chart speed of 2 inch/min.
RESULTS AND DISCUSSION
Uranium adsorption in constant clay-water systems, with increasing amounts of uranium
Experiments were made with 50 mg of Ca-montmorillonite dispersed in 200 ml of uranyl nitrate solutions with 1-40 ppm U. Figure la summarizes the results; U adsorbed, expressed in mmole/100 g clay and in mg/g clay, is plotted against equilibrium concentration of uranium in ppm and in mmole/liter. Also shown is the pH of the equilibrium solution which diminished from 5.8 with 0.4 ppm U to 4.3 with 40 ppm U. If the adsorbed uranium was in the form of UO2 ~+ ions, the highest adsorption in this experiment was 45 meq/100 g clay which is one-half of the exchange capacity of the clay, 90 meq/ 100 g clay. Measurements of displaced Ca 2+ ions followed closely the amounts of uranium adsorbed. There is no evidence for appreciable sorption of polymeric cations such as [UO2.2(OH)-UO2] 2+ which would cause higher adsorption of UO2 than of Ca displaced. The shape of the isotherm in Figure la suggests Langmuir-type adsorption. In Figure lb , p/x is plotted against p, where p = equilibrium concentration, and x = uranium adsorbed per gram of sample. The linearity of the plot, except for the two solutions of lowest concentration, is consistent with Langmuir-type adsorption. The gradient of the line is 1/Xm, reciprocal of the maximum adsorption per gram. From the slope of the linear relation, xm = 98 mg/g or 82 meq/100 g clay, a value very close to the exchange capacity of the clay. The result shows that although the measurements were continued only to about half the total saturation, with higher concentrations the reaction could be expected to proceed to the limit of the exchange capacity. In other words, the adsorption sites are the exchange sites.
Adsorption in systems with constant amounts of clay and uranium and variable concentrations
These experiments were less easy to perform than those described above because of the large volumes required to obtain low concentrations. The results shown in Figure 2a relate to 50-mg samples of Na-clay -g ii-U, eq.f. in solution (curve 1) and 50-mg samples of Ca-clay (curves 2 and 3). Curves 1 and 2 correspond to 50 mmole U/100 g clay and curve 3 to 13 mmole U/100 g clay.
Curves 1 and 2 show considerably more adsorption by Na-than by Ca-clay under similar conditions. The maximum adsorptions are close to 35 and 20 mmole U/ 100 g clay or, respectively, 70 and 40 meq (UO2)2+/100 g clay. For curve 3 only 9 mmole or 18 meq/100 g clay is adsorbed.
Langmuir plots are shown in Figure 2b , and from the slopes maximum adsorptions of 74, 40, and 17 meq/100 g clay can be calculated which agree with the maximum values from Figure 2a . The fact that the maximum adsorptions are less than the exchange capacity of the clay reflects an equilibrium between adsorbed and desorbed cations on the clay and in the solutions. These equilibrium relations are examined further below.
Adsorption in systems with constant amounts of clay, water, and total cations, but variable proportions of UOe and R cations
In these experiments 100 mg of clay saturated with R § or R z+ ions was dispersed in 100 ml of solution. The total normality of the solutions was 0.002 N. The equilibrium fractions of UO2 in solution and on the clay, (UO,,)/[(UO2) + (R)] were determined, where () denotes equivalents of ions. From the initial and final amounts of uranium in solution, values of(UO2) on clay and in solution were obtained. The total amount of (R) in the system comes partly from the clay (with exchange capacity of 90 meq/100 g) and partly from the initial solution. By determining the final amount of (R) in solution, the amount of (R) on clay may also be obtained. With these data, the required equivalent fractions of cations on clay and in solution were obtained. The results are shown in Figure 3 for the cations R = Na, K, Mg, Ca, and Ba. A line at 45 ~ slope corresponds to an absence of preferential adsorption. Evidently UO2 z+ ions were strongly preferred to R § ions on the clay, particularly when (UO2) ~ (R), but under the conditions of the experiment Mg 2+, Ca 2 § and Ba 2+ ions were preferred by the clay to UO22+ ions.
Uranium adsorption under 'dynamic' conditions
The equilibrium type experiments described above do not correspond with conditions where percolating solutions carry away the cations released by exchange reactions. Very weak solutions of uranyl ions may give continued adsorption of uranium by a clay if the exchanged cations are continuously removed. However, if the percolating solutions contain other cations besides uranyl ions, the clay will be exchanged in accordance with the composition of the solutions.
To test the progressive exchange of uranyl ions on montmoriUonite from dilute solutions requires a filtration-type experiment which is difficult to arrange because the montmorillonite either is carried through the filter, or makes the filter almost impermeable. To avoid these difficulties, a process of repetitive exchange was used. A 100-mg sample of Ca-montmorillonite was dispersed in 30 ml of uranyl nitrate solution containing 100 ppm uranium. After 3 hr, the clay was centrifuged, the supernatant solution poured off and a second 30 ml of solution was added. The process was repeated more than 20 times. The solutions after centrifugation of the clay were analyzed, and the uranium adsorbed by the clay was determined at each stage of the experiment. Figure 4 shows the progressive adsorption of uranium by the clay which reached 81 meq/100 g clay when the experiment was terminated. The result confirms that even with very dilute uranyl solutions, complete satu- From acetone solution, pH 4.5. ration of the clay is possible provided the exchanged cations are removed. The experiment was performed with Ca-rather than Na-montmorillonite to facilitate centrifugation of the clay after each exposure of the clay to uranyl solution.
Uranyl montmorillonites; preparation and composition
In one preparation, Na-montmorillonite was treated three times with uranyl nitrate solution with 12 g U/liter and pH -2.0. The product was washed repeatedly with deionized water after centrifugation and finally by dialysis at about 50~ Chemical analyses of the initial Na-clay and the resulting uranyl montmorillonite and their chemical formulae evaluated on the basis of 6.0 tetrahedral + octahedral cations are given in columns 1 and 2 of Table 1. The silicate layer structure is assumed to contain anions O10(OH)2, which is equivalent to OH" H20 when the formulae are evaluated. Any additional water obtained in the analysis is attributed to interlayer water not removed by "drying" at 110~
The layer compositions in columns 1 and 2, Table 1 , are very similar and indicate that the layers themselves are not changed by the exchange reaction. The interlayer composition of the uranyl montmorillonite, column 2, shows that the Na § ions are fully removed and that the interlayer charge is derived fi'om (UO2)2+0.094 + H+0.12, with total charge +0.31. Thus H + or (H30) § ions account for about one-third of the total charge. Evidently this result is a consequence of the initial acidity of the uranyl solution. Another preparation was made after titrating the solution dropwise with NaOH to give a pH = 4.0. The analysis of the resulting montmorillonite is shown in column 3, Table 1 . The interlayer contains (UO2)2+0.083Na+0.12H+0.04. The total charge is essentially unchanged, but H+0.12 is replaced by Na+0.12 . The uranyl montmorillonites prepared by these methods are far from being fully saturated with uranyl ions. The following remarks on the allocation of H § ions to the interlayer composition are relevant. In column 2, Table 1, the 0.12 H + ions could be assigned to 0.12 0 2-in the layer composition to make 0.12 (OH) , and instead of O2-10(OH) 2 in the layer composition there would be O2-9.ss(OH) 2.12. The resulting composition retains twelve anions in the layers, but the layer and interlayer charges are now reduced to 0.19. These considerations are similar to those of Brown and Norrish (1952) for illites. The basic consideration is whether to accept interlayer H + or H30 + ions and retain O10(OH)2 anions in the layer, or to modify the anions in the layer and accept a marked change in the layer charge. If, as in Table 1 , the layer and interlayer charges are kept essentially unchanged, which seems most reasonable, then the chemical formula requires H § or (H30) + ions in the interlayers.
Dimerization of the (UO2) 2+ ions may occur in the interlayers. If dimers of the form [(UO2)" (OH)2" (UOe)] 2+ were developed, the charge per UO2 would be diminished, and the layer charge would be neutralized only by alarger content of (UO2) than the analysis indicates.
To obtain a fully exchanged uranyl montmorillonite evidently requires a uranyl solution of higher pH obtained without the addition of Na § ions to the system. This condition has been achieved by using three treatments with 0.05 M uranyl acetate solution with pH near 4.0, followed by further treatments with 1.25 • 10 -3 M solutions with pH = 4.5. These preparations were made with an independently prepared Na-montmorillonite. The chemical analyses and formulae are given in columns 4 and 5 of Table 1 , respectively, for the Naand UO2-montmorillonite. The results show that at the higher pH, 4.5, the resulting montmorillonite contains wholly uranyl ions in the interlayers. Furthermore, the interlayer composition, (UO2)0.t~" (H20)1.15, agrees exactly with a hexahydrate composition, [(UO2)" 6H20]0.19. This exact agreement with a hexahydrate composition must, to some degree, be fortuitous because it rests on the weight loss of the sample from 110 ~ to 1000~ and there is always some uncertainty regarding the precise state of montmorillonite equilibrated at 110~ The resuits as obtained do no more than point towards a hexahydrate form of the uranyl ion. Such an arrangement is found in the crystal structure of (UO2)(NO3)2" 6H20 (Hall et al., 1965) where the uranyl O-U-O group is surrounded by two nitrate ions forming bidentate ligands to the uranium atom and two water molecules, i.e., six oxygens in a quasi-hexagonal planar group around the U atom. A general discussion of uranyl ion coordination was given by Evans (1963) .
Uranyl montmorillonite: XRD data
XRD data for the fully saturated uranyl montmorillonite were recorded using thin oriented layers on glass slides after equilibration in water, in ethylene glycol, in various relative humidities, and after various heattreatments, mainly overnight heating at constant temperatures. The results are summarized in Table 2 . The dispersed clay in water, prior to drying, gave no basal diffractions, but after becoming 'dry' and exposed to 10(Wo RH, an average spacing near 22 A was obtained. With diminishing humidity of the atmosphere, a spacing near 14.5-14.6 ]k was developed which persisted to 110~ This spacing was never more than quasi-regular. At 150~ the spacing collapsed to about 9.7 A and showed only a small further collapse to about 9.55 A at 400~ With ethylene glycol saturation, a regular spacing of 17.05 -0.02/~ was observed, in agreement with the usual behavior of montmorillonite. The partially uranyl-saturated montmorillonites with analyses in columns 2 and 3 of Table 1 were examined in a similar sequence of conditions, and mainly similar XRD data were obtained.
The 14.5-/~ spacing up to ll0~ can be correlated with the size of the uranyl hexahydrate ion. The collapse of the spacing more or less directly to a spacing near 9.7 A, with no evidence for any regular intermediate spacing, indicates that with loss of the hydration water, the layers are kept apart only by the O-U-O ions which must be oriented parallel to the 001 surfaces.
